function via 2 physiologically interrelated mechanisms, namely dilations/constrictions that propagate longitudinally along the vessel wall, [1] [2] [3] [4] and the EDHF phenomenon, in which relaxation is facilitated by the transmission of endothelial hyperpolarization to smooth muscle via a radial myoendothelial pathway. 5 Gap junctions are composed from 2 hemichannels, each constructed from 6 connexin (Cx) protein subunits, whose alignment across the extracellular space permits intercellular diffusion of ions and small molecules Ͻ1 kDa in size and confers electrical continuity. Coupling is enhanced by the clustering of up to several hundred individual gap junction channels to form plaques that can be visualized by immunostaining at points of cell-cell contact. Vascular cells variably express 4 connexin subtypes (Cxs 37, 40, 43, and 45) with protein expression generally being more abundant in the endothelium than in smooth muscle cells. Most commonly, endothelial plaques contain Cx37 and Cx40 and medial plaques contain Cx43. This distribution is seen, for example, in the rabbit iliac artery in which synthetic peptides selectively targeted against Cx37 and Cx40 attenuate endothelium-dependent subintimal smooth muscle hyperpolarization, whereas peptides targeted against Cx43 attenuate the spread of medial hyperpolarization. 6 In muscular arteries electrical signaling pathways thus appear to correlate closely with immunostaining findings.
In this issue of Circulation Research Wolfle and colleagues 1 have analyzed longitudinal conduction in mice with replacement of Cx40 by "knock in" of Cx45 (denoted as Cx40KI45 mice). Responses were initiated by localized application of the endothelium-dependent dilators acetylcholine (ACh) and bradykinin (BK) to cremasteric arterioles in wild-type (WT), Cx40 knockout (Cx40KO), and Cx40KI45 animals, and diameter changes were monitored dynamically by intravital microscopy. Responses were found to propagate for more than 1 mm within 1 sec in WT mice without significant decay, whereas remote dilation was reduced by 50% in Cx40KO and Cx40KI45 animals. Because focal endothelial disruption abolishes conducted dilations to ACh in mouse cremasteric arterioles, 2 and immunostaining confirmed endothelial KO of Cx40 and KI of Cx45, these data suggest that Cx45 is unable to substitute functionally for Cx40 in the endothelium of these vessels. As the authors note, Cx40 channels exhibit a large conductance of 200 pS, whereas Cx45 channels possess much lower conductivity in the range 20 to 40 pS 7 and may therefore be unable to rescue intercellular signaling after loss of Cx40. It seems likely that the residual conducted dilations evoked by ACh and BK in Cx40KO and Cx40KI45 mice involve gap junctions constructed from Cx37 as this connexin is also expressed in the endothelium of cremasteric arterioles 2 whereas Cx43 is not detectable. 1 Indeed, Cx37 channels exhibit a high conductance of 300 pS, 7 and Cx37 and Cx40 both contribute to endothelial communication in mouse aortic endothelium with dye transfer being reduced by 60% in Cx40KO mice and by 25% in Cx37KO mice. 8 Surprisingly, expression of these connexins may be mutually interdependent because there is evidence that deletion of Cx40 causes a Ϸ20-fold reduction in aortic endothelial Cx37 levels, and deletion of Cx37 a Ϸ4-fold reduction in Cx40, probably via posttranscriptional mechanisms. 8 Whether Cx37 expression is similarly downregulated in arterioles from Cx40KO and Cx40KI45 mice remains to be investigated.
There is emerging evidence that the mechanisms that underpin local and conducted dilations are distinct ( Figure) because agents that block hyperpolarizing K Ca and K ir channels attenuate the initiating response to ACh when applied locally, but are far less effective (or exert or no effect) against conducted dilations when applied remotely. 9 -12 More controversially, in mouse cremasteric arterioles the local endothelial hyperpolarizing response to ACh involves activation of endothelial SK Ca channels, whereas it has been proposed that local release of a diffusible EDHF activates hyperpolarizing smooth muscle BK Ca channels directly in this vessel. 9 By contrast, in hamster feed arteries endothelial SK Ca and IK Ca channels underpin the initiating local response to ACh, whereas BK Ca channel blockade is without effect. 11 There is nevertheless a growing consensus that conducted dilation involves the spread of hyperpolarization from the endothelium to subjacent smooth muscle cells; localized endothelial disruption often blocks the conduction of ACh-evoked responses, 2, 12, 13 although in some arterioles (eg, hamster cheek pouch) a parallel smooth muscle pathway may also contribute to signal propagation. 3 Whether the reduction in conducted ACh-and BK-induced dilations observed by Wolfle and colleagues in cremasteric arterioles in Cx40KO mice in part reflects loss of Cx40 from myoendothelial gap junctions (as well as the endothelium) remains to be determined, because the composition of myoendothelial channels in these vessels is unknown. Cx37 appears to be specifically excluded from myoendothelial gap junctions in mouse endothelial/vascular smooth muscle cocultures, despite expression in both cell types, leading to the conclusion that channels constructed from Cx40 or Cx43 in the endothelium and Cx43 in smooth 15 Wolfle and colleagues also report that local dilations induced by adenosine and constrictions induced by K ϩ conducted to an equivalent extent in arterioles from WT, Cx40KO, and Cx40KI45 mice, but that the amplitude of these responses decayed over distance, thus contrasting with the nondecremental effects of ACh and BK. 1 Because the conduction mechanism was therefore Cx40-independent, they postulate that adenosine and K ϩ evoke changes in smooth muscle membrane potential that are conducted via the media rather than the endothelium. This conclusion gains support from observations that focal smooth muscle disruption attenuates conducted K ϩ -evoked constriction without affecting conducted dilations in hamster cheek pouch arterioles. 3 It is conceivable that plaques that are too small to be visualized by immunostaining contribute to smooth muscle signaling in mouse cremasteric arterioles as Cx37, Cx40, or Cx43 were not detected in the media of these vessels and expression of Cx45 was very limited. 1 Many of the experimental features of conducted responses can be reproduced by a resistive/capacitative model of coupled endothelial and smooth muscle cells in the vascular wall. 16 Simulations illustrate how localized electrical events conduct robustly along the endothelium while eliciting a parallel response in underlying smooth muscle because loss of charge is minimized by low endothelial coupling resistance (3 M⍀) and high myoendothelial coupling resistance (1800 M⍀). Small movements of charge from the endothelium are able to effect substantial changes in the membrane potential of smooth muscle cells because the input resistance of the media is high. By contrast, localized electrical events in smooth muscle conduct poorly to neighboring cells because their high coupling resistance (90 M⍀) promotes signal dissipation, and when charge does conduct to the endothelium, its effects on membrane potential are minimized by the low endothelial input resistance unless a large number of smooth muscle cells are stimulated simultaneously. The model also predicts that endothelial disruption will attenuate conducted responses far more effectively than disruption of the medial layer.
Additional complexity may, however, result from a wave of elevated endothelial [Ca 2ϩ ] that accompanies conducted dilation and can propagate at a velocity much slower than electrotonic signaling for distances more than 1 mm from the initiating site. 11 In hamster cheek pouch and cremasteric arterioles this phenomenon may promote activation of eNOS with a wave of secondary NO release prolonging the duration of ACh-and BK-evoked conducted dilations without affecting their amplitude. 10, 11 Wolfle and colleagues found that both local and remote dilator responses evoked by BK in mouse cremasteric arterioles were attenuated by inhibition of eNOS. 1 Surprisingly, however, responses evoked by ACh were unaffected, 1 consistent with the finding that conducted responses to ACh are similar in WT and eNOS Ϫ/Ϫ mice. 4 This agonist-specific difference remains to be fully explained. It should be noted, however, that nondecremental conducted responses do not have an obligatory requirement for a Ca 2ϩ wave that spreads along the endothelium. In rat mesenteric arteries, for example, ACh stimulates a localized rise in endothelial [Ca 2ϩ ], but no increase is observed at distances Ͼ0.5 mm upstream of the stimulating pipette whereas dilation is conducted without decay for 1 to 2 mm. 13 Furthermore, in such vessels localized activation of smooth muscle K ATP channels by levcromakalim evokes a conducted dilation and hyperpolarization, which propagates via an endothelial rather than smooth muscle pathway, but is not accompanied by parallel elevations in endothelial [Ca 2ϩ ] i . 13 The ubiquitous role of electrotonic mechanisms is also emphasized by the finding that local ACh-induced endothelial hyperpolarizations can be transformed to depolarizations by K Ca channel blockade in rat mesenteric arteries, and these may also propagate via the endothelium with minimal decay. 12 There is evidence that NO may also attenuate conducted responses in mouse cremasteric arterioles because the length Longitudinal electrical signaling via gap junctions occurs preferentially within the endothelial monolayer which may be considered as a low-resistance pathway because of its high level of connexin expression. Homocellular smooth muscle and myoendothelial pathways also allow direct cell-cell communication, although their electrical resistance is much higher. It remains controversial whether a freely diffusible endothelium-derived hyperpolarizing factor (EDHF) contributes to smooth muscle hyperpolarization directly. In many vessels a wave of elevated endothelial [Ca 2ϩ ] i accompanies conducted endothelial hyperpolarization and may promote the release of NO whose dilator effect superimposes on electrotonically-mediated dilation. In some vessels, however, this Ca 2ϩ wave decays within 500 m, although this does not affect conducted dilation which may be well maintained for distances up to 2 mm. NO may also inhibit signaling via endothelial and smooth muscle gap junctions. K Ca denotes the Ca 2ϩ -activated K ϩ channels which initiate endothelial hyperpolarization, and e Ϫ denotes the movement of electrical charge. Coupling resistances are taken from Diep et al. 16 constant for the decay of the constrictor response initiated by focal stimulation with K ϩ increases by Ϸ25% after eNOS inhibition. 4 Furthermore, the characteristics of the conducted response to K ϩ in eNOS Ϫ/Ϫ mice closely match those in WT mice after eNOS inhibition and, in addition, exogenous NO depresses propagation. 4 Because the effects of NO on K ϩinduced constriction in WT mice are comparable to those in Cx40KO mice, Cx40 does not appear to be a specific target for NO. 4 However, there is evidence from a mouse model of sepsis in which there is enhanced NO production that the connexin subtype targeted by NO might be Cx37. 17 Conduction of K ϩ -induced constriction in cremasteric arterioles is depressed in these septic WT mice, partially restored by local eNOS inhibition, and similar to that in nonseptic Cx37KO mice. 17 Cx40KO mice are severely hypertensive, and Wolfle and colleagues demonstrated elevations in blood pressure of ca. 45 mm Hg using a telemetric technique. 1 This compared with a more modest elevation of Ϸ20 mm Hg in Cx40KICx45 mice, suggesting that Cx45 can partially restore normal blood pressure control in Cx40-deficient animals. Initially, hypertension in Cx40KO mice was attributed to the localized microcirculatory vasospasm observed in such animals, but it has emerged that impaired pressure control of renin synthesis may also be a key factor. 18, 19 Cx40 is the dominant connexin expressed by renin-producing cells and in adult Cx40KO mice such cells are displaced from their normal location in the afferent arteriole to the extra/periglomerular interstitium, indicating that gap junctional communication is essential for the correct juxtaglomerular positioning of renin-producing cells and signaling with the macula densa. 19 Whether this abnormality is corrected in Cx40KICx45 mice remains to be established, although as the authors note, Cx45 is able to replace Cx40 in the atrioventricular node and right atrium of the heart in Cx40-deficient mice, whereas Cx40 function cannot be restored in the left atrium.
Although the complexities of gap junctional signaling in the vascular system are beginning to unravel, many important issues remain and will undoubtedly be illuminated by KO/KI approaches such as those adopted by Wolfle and colleagues. For example, the role of direct cell-cell communication in vascular development is poorly understood. Mice with dual ablation of Cx37 and Cx40 initially exhibit normal vasculogenesis, but die perinatally with pronounced vascular abnormalities including vessel dilatation, hemangioma-like defects, and localized hemorrhages, and in Cx45KO embryos vasculogenesis is normal, but transformation into mature vessels is interrupted by apoptosis leading to death in utero. 7, 8 
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